Forecasts of 10-day average inflow into the Ertan hydropower station of the Yalong river basin are needed for seasonal hydropower operation. Medium-range inflow forecasts have usually been obtained by Auto-Regressive-Moving-Average (ARMA) models, which do not utilize any precipitation forecasts. This paper presents a simple GFS-QPFs-based rainfall -runoff model (GRR) using the 10-day accumulated Quantitative Precipitation Forecasts from the Global Forecast System (GFS-QPFs) run at the American National Oceanic and Atmospheric Administration (NOAA). In this study, 10-day accumulated GFS-QPFs over the Yalong river basin are verified by first using a three-category contingency table. Then this paper presents the results from a proposed hydrological model using 10-day accumulated GFS-QPFs. Results show that inflow forecast errors can be reduced considerably, compared with those from the currently used ARMA model by both quantitative and qualitative analysis. Finally, simulations of medium-range hydropower operation are also presented using the historical data and forecasts of 10-day average inflows into the Ertan dam during May to September 2006 to evaluate the efficiency of the proposed hydrological model using the GFS-QPFs. The simulations demonstrate that the use of GFS-QPFs has improved reservoir inflow predictions and hydropower operation of the Ertan hydropower station in the Yalong river basin during the wet season.
INTRODUCTION
Forecasts of 10-day average inflow into the hydropower stations of the Yalong river basin are needed for the medium-range hydropower operation, to bring benefits from a reduction in flood damage, increased dam safety and greater efficiency in power generation. The currentlyused forecasting models for reservoir inflow do not include any information on weather or climate forecasts, but are based on Periodic Auto-Regressive (PAR) or AutoRegressive Moving Average (ARMA) models (Maceira et al. 1999; Han et al. 2007) . Recently, medium-range Quantitative Precipitation Forecasts (QPFs) over the forthcoming 10-day periods are addressed as input variables to improve inflow forecasts coupling hydrological models for reservoir inflow predictions (Collischonn et al. 2007 ). An increasing number of results suggest that progress is being achieved in bringing QPFs to the stage of operational usefulness for hydrological applications (Collier & Krzysztofowicz 2000; Damrath et al. The use of QPFs obtained by numerical weather prediction models as input data to run hydrological rainfall -runoff models, thereby obtaining extended streamflow forecasts, has been explored by several authors who in general conclude that QPFs are useful, although their usefulness was limited by their large uncertainty (Yu et al. 1999; Ibbitt et al. 2000; Anderson et al. 2002; Jasper et al. 2002; Koussis et al. 2003; Habets et al. 2004; Collischonn et al. 2005 Collischonn et al. , 2007 . Collischonn et al. (2007) present the results of medium-range reservoir inflow predictions by the use of a large-scale hydrological model applied to a part of the Paranaiba river basin using precipitation forecasts from the regional Era model run by the Brazilian Center for Weather Prediction, and the results show forecast errors can be reduced considerably during both wet and dry seasons, compared with those from the ARMA model.
There have been recent attempts to consider the uncertainty in forecasts, using ensemble rainfall forecasts (Bartholmes & Todini 2005; Goweleeuw et al. 2005; Zhang et al. 2006) and to combine the inherent uncertainty of hydrological models with ensemble forecasts (Pappenberger et al. 2005) .
Krzysztofowicz & Henry (2001) present a hydrologic uncertainty processor (HUP), which produces a shortterm probabilistic river stage forecast based on a probabilistic quantitative precipitation forecast. However, most of these results are from work that is still at the research stage, since operational forecasting systems still rely more on radar estimates and telemetry of measured rainfall or shortrange nowcasting (Sivapragasam et al. 2001; Tsanis & Gad 2003; Li & Laim 2004; Qiu et al. 2004; Yu et al. 2004; Moore et al. 2005; Wang et al. 2005; Yuan et al. 2008) . Nevertheless, QPFs are gradually being introduced into operational streamflow forecasting systems in an attempt to extend the range of forecasts (Moore et al. 2005; Bremicker et al. 2006) , but whether the extended streamflow forecasts that are obtained could serve for hydropower dispatching needs to be further explored on a case-by-case basis (Hamlet & Lettenmaier 2000; Hettiarachchi et al. 2005) .
The Global Forecast System (GFS), run by the American National Oceanic and Atmospheric Administration (NOAA), has made quantitative precipitation forecasts (QPFs) up to 16 days at each data assimilation cycle (00, 06, 12 and 18 UTC), and the QPFs are made available for free over the internet. However, the use of QPFs obtained by the GFS (termed GFS-QPFs) as input into rainfall -runoff models is relatively undeveloped for medium-range reservoir inflow predictions. So the GFS-QPFs are evaluated in this study to explore the potential improvements in medium-range reservoir inflow predictions and hydropower production comprehensively. In this paper, taking the Ertan hydropower station located in the Yalong river basin as an example, forecasts of 10-day accumulated precipitation are verified objectively by comparing them with the corresponding observed rainfall, at first with a three-category contingency table showing the frequency of forecasts and observations in the various bins. Then the use of the 10-day accumulated GFS-QPFs as input data into a simple hydrological model is presented for forecasting the inflow into the reservoir, and the results from the proposed hydrological model will be compared with forecasts obtained by the currently used Auto-Regressive (AR) model both quantitatively and qualitatively. Finally, simulations for medium-range hydropower operation will be presented to evaluate the efficiency of reservoir inflow forecasting model using the GFS-QPFs.
STUDY SITE AND FORECASTING METHODOLOGY The Ertan hydropower station
The case study reported in this paper is concentrated on the Ertan hydropower station located in the lower reaches of the Yalong river basin in the Sichuan province of southern China. Figure 1 shows the location of the Ertan dam, the main features of the basin and gauging stations. As seen in improves the analysis system and physical processes (Zhu 2007) . The ETS seems to be a good estimate for overall forecast skill and has a range of 2 1/3 to 1. The higher the value of ETS, the better the forecast model skill is for that particular threshold. The TSS measures the ability of the forecasts to discriminate between "Yes" and "No" observations based on contingency tables (Doswell et al. 1990) . promote a data-mining approach using the decision tree algorithm (Breiman et al. 1984; Quinlan 1986; Fayyad & Irani 1992 ) to extract knowledge from historical generation data and to learn how the 10-day accumulated precipitation (denoted by P) is relevant to power generation decisions The threshold precipitations for other periods can also be inferred by the decision tree algorithm (Breiman et al. 1984; Quinlan 1986; Fayyad & Irani 1992) as done for September in Figure 4 . Table 3 , which shows the frequency of forecasts and observations in the various bins.
From the frequencies p(F i , O j ) in Table 3 , it comes to the preliminary conclusion that: when the 10-day accumulated precipitation forecast is in category 1, the frequency of observed precipitation being "below Category 3" is higher than 86% on average, so the heavier precipitation corresponding to Category 3 is less likely to fall over the Yalong river basin; When the precipitation forecast is in Category 2 or 3, the frequency of observed precipitation being "in Category 2 or higher" reaches 80%, and even up to 95% on average, so the lighter precipitation corresponding to Category 1 is less likely to fall over this river basin. Also different scores including Accuracy and Heidke skill score (HSS) can be derived from the numbers in the contingency 
FORECASTS OF 10-DAY AVERAGE INFLOW USING QPFS GFS-QPFs-based rainfall -runoff model
Many hydrological models can be used to make reservoir inflow predictions based on quantitative precipitation forecasts, and the comparative study includes lumped rainfall -runoff models (Reed et al. 2004 ) and more complex distributed hydrological models (Collischonn et al. 2005 (Collischonn et al. , 2007 . However, the input data for the distributed hydrological models including land use, topography, vegetation cover and soil types (Beven 2001) have not been collected in this study for guiding the calibration of parameter values. In this table n(Fi,Oj) denotes the number of forecasts in category i that had observations in category j; p(Fi,Oj) denotes the frequency of forecasts in category i that had observations in category j; n(F i ) denotes the accumulated number of forecasts in category I; n(O j ) denotes the accumulated number of observations in category j, and N is the accumulated number of forecasts. The GRR model is a two-segment multi-factor inflow forecasting model. It is configured with multiple predictors, such as the 10-day accumulated GFS-QPFs of the current period t, P f t , the observed 10-day accumulated precipitation of the previous period t 2 1, P t21 and the observed 10-day average inflow into the Ertan dam of the previous period t 2 1, Q t21 . In this study it is simply assumed that the values of antecedent soil moisture differ somewhat for the delivery period and the storage period, as the data are not available for inferring the relationships of antecedent soil moisture and runoff. Then the forecasting model has to be organized into two parts: one for the delivery period and the other for the storage period. The parameters of this model are estimated using the stepwise regression algorithm (Sun et al. 1998) . The model is calibrated by the least-squares technique, using observed and forecast precipitation and 10-day average inflow into the Ertan dam on the 10-day timescales during the wet season from 2002 to 2005 (about 60 ten-days), and verified using data of 2006 (about 15 tendays). It is given as a piecewise function in Equation (1): where Q t is the modeled 10-day inflow into the Ertan dam for period t using the model; P f t is the estimated 10-day accumulated GFS-QPFs during period t by the Thiessen polygon method (McCuen 1998) as explained in the subsection on quantitative precipitation forecasts; P t21 is the observed 10-day accumulated precipitation during the previous period t 2 1, also estimated by the Thiessen polygon method and Q t21 is the observed 10-day average inflow into the Ertan dam of the previous period t 2 1. In some cases, however, it is not necessary to have very accurate forecasts, since relatively rough estimates can improve the operation of hydraulic structures, or can yield estimates of the risk that rivers will exceed specified discharge thresholds (Rabuffetti & Barbero 2005) , especially for forecasts of inflows into reservoirs in the medium range.
So qualitative analysis of 10-day inflow forecasts using the GRR model will be further carried out for evaluation tasks in the following subsections. Table 5 . Table 6 shows a categorical statistics of the forecasts of 10-day average inflow into the Ertan dam obtained by both GRR and AR models with observations from May to September during the wet season. The hit rate (HTR) and the false alarm rate (FAR) are used to describe the accuracy of inflow forecasting models. The HTR is defined as the probability of the occurrence that the predicted category equals the observed and the FAR denotes the probability of the occurrence of the predicted category totally opposed to the observed, e.g. the observed inflow belongs to the category Low but the predicted inflow reaches to the category Large and vice versa. For a good prediction, the HTR should be closer to 1 and the FAR should be near to zero. The statistics of qualitative forecasts are presented in Table 7 for both GRR and AR models.
The qualitative analyses in Tables 6 and 7 show that the GRR model performs relatively better in all cases than the AR model. The HTR of the GRR model is obtained as 80%, proving the precipitation forecasts obtained by the GFS can be applied to qualitative forecasts of 10-day average inflow. Moreover, the maximum difference between observed and predicted categories using the GRR model is only 1, with the FAR obtained as 0, so no false alarm will occur, which has little influence on the power generation decision-making of the Ertan hydropower station. In contrast, a false alarm occurs in the AR model, which may mislead decision-making of the reservoir operation. Therefore, the qualitative forecasts of 10-day average inflow using the GRR model could assist the decision-maker in selecting the better reservoir operating policy for the Ertan reservoir, combining with the initial storage of the current period and the Routine Generation Scheduling Chart (RGSC, as illustrated in Figure 8 ) policy or other policies.
SIMULATIONS TO EVALUATE FORECASTING MODEL EFFICIENCY
Hydropower operation for the Ertan reservoir is made by the RGSC policy in current operational use. As illustrated in Figure 9 (a) show that the improved polices by the predicted inflows using GRR and AR models result in higher total hydropower generation and outperforming the RGSC policy, and the GRR policy performs better between these two improved policies. The increments of total power generation are about 476 GWh (6.3%) for GRR and 253 GWh (3%) for AR compared to that of RGSC. But the inflow of mid-June is large enough to reach to category Large (Table 8) Figure 10 ). This is due to the fact that the predicted inflow using the AR model unexpectedly reaches category Large totally opposed to the observation as seen in Table 8 , and the occurrence of false alarms results in that the reservoir runs with relatively lower head water as more water in storage is released in late August. The comparison shows that the predicted inflows using the GRR model with rainfall forecasts from the GFS result in better decisions, and better forecasts indeed lead to better decisions for power generation scheduling of the Ertan hydropower station.
SUMMARY AND CONCLUSIONS
The forecasts of 10-day accumulated precipitation from the 
